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ABSTRACT The cooperative adaptive tracking control based on full states quantization is investigated in this
paper for multiple uncertain surface vessel systems. Firstly, an uncertain surface vessel system model based
on disturbance accelerations is presented. Next, using the quantized system states, a series of cooperative
tracking controllers and adaptive laws are constructed such that the closed-loop system of every follower is
practically stable and the tracking error between every follower and the leader can be adjusted arbitrarily
small by parameter adjustment technique. Finally, a simulation example is given to verify the effectiveness

of the proposed control strategy.

INDEX TERMS Practical stability, states quantization, cooperative control, adaptive control.

I. INTRODUCTION

Surface vessels was broadly used in ocean survey, ocean
exploration, and military missions, then they have attracted
significant interests and attentions from researchers, and
relevant results have been reported ([1], [2], [3]). Note that the
complexity of task, single surface vessel may not effectively
accomplish the desired control objective, researchers begin to
consider multiple surface vessels to realize complex control
task in many cases. For multiple surface vessels, signals
need to be transmitted among multiple vessels by means
of digital platforms, but the bandwidth of data transmission
is limited, then the discontinuous control techniques such
as quantization control have been applied to reduce the
communication load. The so-called quantization is to use a
digital processor (i.e., quantizer) to manage the signal so that
the signal remains at the same level on some intervals, that is,
the continuous signal is transformed into a piecewise constant
signal. This process can be seen as a discontinuous map from
a continuous space to a finite set. An important fact is that
the selection of quantization scheme can relieve the pressure
of network bandwidth, it also can affect the performance of
the system. Compare with the uniform quantizer (4], [5]),
the logarithmic quantizer (6], [7]) can improve the accuracy
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of the quantized signal and make up for the lack of uniform
quantizer. It is worth noting that chattering always occur
when the output of quantizer is transferred from one interval
to the next, which may add the burden of signal transmission
and lead to the instability of system. To solve this problem,
hysteresis quantizer was introduced in [8], [9], and [10] to
avoid the chattering signal by the introduction of additional
quantization levels and the dwell time before a new transition.

The quantization control main contains input quantization
and state quantization. For input quantization, [11] con-
structed a new quantizer based on hysteresis quantizer and
uniform quantizer to study the adaptive tracking control
of uncertain nonlinear systems. Reference [12] proposed a
switching quantization mechanism to complete the sliding
mode tracking problem of surface vessel. For surface vessel
with prescribed performance, the trajectory tracking control
was studied in [13] by radial basis neural networks. More
results can be found in [14], [15], [16], and [17]. When
system state cannot be sampled or only the quantized system
state can be obtained, [18] solved the control performance
degradation problem caused by the inherent state quantization
error. [ 19] investigated the adaptive tracking control of mobile
robots with quantized states by unknown slippage effects.
The quantization feedback tracking control of mobile robots
with state quantization and input quantization were studied
in [20]. A novel quantized extended state observer is firstly
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proposed in [21] to study the tracking control of autonomous
underwater vehicles. For the trajectory tracking problem of
surface vessel, a quantized state-feedback robust controller
is established in [22]. Due to the number of agents, the
spatial distribution of actuators, limited sensing capability
of sensors, and short wireless communication ranges, it
is difficult that the implementation of centralized control.
Thus, the distributed cooperative control, depending only on
the local information of every agents, is a promising tool
to stabilization multi-agent systems. Designing appropriate
distributed cooperative controllers is generally a challenging
task, especially for multi-agent systems with complex
dynamics, because of the interconnected effect of the agent
dynamics and the interaction graph among agents ([23]).
For the cooperative control of multiple surface vessels
with quantized states, [24] studied the distributed formation
tracking control based on logarithmic quantizer by some
performance functions. The uniform quantizer was used to
solve the H, formation control in [25]. However, they didn’t
solve the chattering phenomenon. How should we design
a cooperative state feedback tracking controller for every
follower together with the communication topology is a
challenge when the system states are quantized. Reference
[26] studied the adaptive control problem for nonlinear
uncertain system with quantized states, but this result cannot
be directly applied to the cooperative tracking control
problem for multiple surface vessels. Therefore, how to
avoid indifferentiable caused by quantized system states
and further analyze the performance of the closed-loop
system by Lyapunov function is a difficulty. Based on the
above analysis, the cooperative adaptive tracking control
problem under full states quantization for multiple uncertain
surface vessel systems is discussed in this paper. The main

contributions of this paper are as follows:
1) The disturbance accelerations in Body-fixed frame,

which caused by wind, waves and ocean currents,
is decomposed in the Earth-fixed frame, further the
uncertain surface vessel system model is proposed.

2) For multiple surface vessel systems with one leader,
by vector backstepping method, a number of coopera-
tive controllers and adaptive laws are constructed such
that every follower’s closed-loop system is practically
stable and every follower’s tracking error can be
made enough small by adjusting mutually independent
controller parameters.

The remainder structures of this paper are structured as
follows. Section II provides the model of surface vessel and
the related graph theory. For multiple surface vessel systems
with one leader, the cooperative adaptive tracking control
problem based on quantized system states is researched
in Section III. Section IV analyzes the closed-loop system
performance of every follower. Section V illustrates the
feasibility of proposed control schemes by a simulation
example. Section VI concludes this paper.

Notions: The real n-dimensional space is represented by
R", R™™ stands for the real n x m matrix space and
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R+ represents the set of all nonnegative real numbers. |x|
denotes the Euclidean norm of vector x and |X|r is the
Frobenius norm of matrix X. Apax(X) and Apin(X) stand for
the maximum and the minimum eigenvalues of matrix X,
respectively. The family of all functions with continuous k-th
partial derivative is marked as ck.c 1*I(R” X [tg, 00); R4)
represents the set of all functions w(x,?) € R4+ on R" X
[t0, 00) which are C! in x and C in¢. For 91, 9> € R, define
91 V ¥ = max{d, r}.

Il. PRELIMINARIES
Consider the multiple surface vessel systems including N
followers and one leader, where i-th follower’s system model
can be described by

[ ni = Ji(Yvi,

1
M;v; 4+ Ci(viyvi + Di(vi)vi = i + MiJ T ()&, W

where n; = (x, Vi, 1//i)T denotes the i-th follower’s
displacement, v; = (v;1, vi2, o)’ represent its velocity, and
7, = (11, T, Ti3)! is its control input. M; stands for its
symmetric positive definite inertia matrix, C;(v;) represents
its Coriolis-centripetal force matrix, J;(y;) is its rotation
matrix and satisfies JI (Yi)Ji(y:) = Ji(y)JI (Y;) = 1, and
D;(v;) satisfies D;(v;) = 6;T";(v;) with T';(v;) € R>*3 being its
damping matrix and 6; being a unknown constant, i.e.,

mi11 0 0
Mi=1| 0 mpymp3 |,
0 m3p mi33
0 0 —caw)
Ci(v)) = 0 0 co(vi) |
cit(vi) —cp(v)) 0
cos i —siny; 0
Ji() = | sinyy; cosyy; O |,
0 0 1
dinn(vi) 0 0
i) = 0 dipo(vi) dins(vi)

0 dipa(vi) dizz(vi)

Furthermore, & = (&, &n, Sig)T is the disturbance
acceleration of i-th follower and satisfies max;<j<p/ |&] <
K; with K > 0, where &, &, and &3 represent
disturbance accelerations along X;; axis, ¥;; axis and Z;; axis,
respectively. Figure 1 shows the decomposition diagram of
disturbance accelerations.

The communication relationship among N followers and
one leader can be expressed by a topology graph ¢4 =
7, A). v = {0,1,2,---,N} is the set of nodes,
where 0 and i(i = 1,---,N) denote the leader and the
i-th follower, respectively. & C ¥ x ¥ represents the
set of edges. A = (aj)pxn is the adjacency matrix of
N followers, a; > 0 if and only if node j can send
information to node i, directly, otherwise a; = 0, and we
define that a;; = 0. B = diag(by, by, -+, bpr) denotes
the leader-weighted matrix associated with ¢ and if the i-th
follower can directly receive information from the leader,
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FIGURE 1. The decompositions of disturbance accelerations.

then b; > O, otherwise b; = 0, where i = 1,--- , N.
L = D — A is the Laplacian matrix associated with ¥,
where D = diag(zjz\:/1 aij, ij\zfl ay, -+, ij\zfl ayj) is an
in-degree matrix. In order to ensure that every follower can
receive from the leader’s information, it is supposed that there
exists a path from the leader (the node 0) to every follower
(thenodei(i=1,--- ,N))in¥.

Remark 1: It is assumed that the motion of surface
vessel on the ocean only has 3 degrees of freedom on the
horizontal plane, then the studied surface vessel system in this
paper only includes surging-direction, swaying-direction and
yawing-direction by [27].

Ill. COOPERATIVE ADAPTIVE TRACKING CONTROL
BASED ON QUANTIZED STATES

In this section, we consider the cooperative adaptive tracking
control problem for multiple surface vessel systems, where
only quantized system states can be obtained to design
controller 7; in (1). Let v; = J;j(¥;)v; and 7; = u;, we can
rewrite (1) as

ni = Vi,
Ml Vi + Ml v + Civi + Divi = ui + Ml &, (2)
pl:nls i=lv"'9Na

where C; = Ci(JI9)J!, D; = DiJIv)JT satisfies D; =
Gil_",-(l?,-)JiT with f‘_,- € R**3 being a smooth matrix function
and Ji(Y)) = viJi(¥i)S = wiJi(¥)S, in which § =
(Sjk)3x3 = —ST with sp21 = —s12 = 1 and Sjj = $3k =
si3 = 0G = 1,2,3,k = 1,2). Note that only quantized
system states g(1;) and g(v;) are obtained, where g(-) is a
state quantizer, that is to say, the cooperative state feedback
tracking controller #; must be generated by

i = ui(q(m:), q(vi)). 3

Remark 2: In this section, we construct the cooperative
adaptive controller only through the quantized states q(n;),
q(vy), the quantizer can be a uniform quantizer, a logarithm
quantizer or a hysteresis quantizer. In fact, the design
method of cooperative adaptive tracking controller based
on quantized states proposed in this paper is applicable
to uniform quantizer, logarithm quantizer and hysteresis
quantizer.
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The goal of this section is to construct a series of
cooperative adaptive state feedback tracking controllers
u(i = 1,---, N) for multiple surface vessel systems such
that the closed-loop system of every follower is practically
stable, and the output p;(¢) of i-th follower can practically
track the leader’s output po(#), where only quantized system
states can be obtained and |po(?)| VvV |po(¥)] < K with
K > 0. Moreover, other signals of every follower’s closed-
loop system are ultimately bounded. Figure 2 gives the flow
diagram of cooperative adaptive tracking control based on
quantized states.

To this end, first of all, define the coordinate transforma-
tions

N
eir = bitni — po) + _ aix(ni — np), @
k=1
en=vi—a, i=1,--- N,
wherew; € R3G=1,--- ,N)are stabilizing functions to be

designed.
Step 1: Let V;; = 6,-T1€i1 /2, it follows from (2), (4) and
Young’s inequality that
N
Vit = e (biGii — po) + D aix (i — k)
k=1
N

= el (hiv; — bipo — Z aix Vi)
k=1

< ¢;;(hioj + hiep + ——eit — > aixok)
ddg P

N
— el > aery + dg K2, )
k=1
where dxy > 0 is a designed constant and h; = b; +

> aik > 0. Choosing the following stabilizing vector
functions

(O,IT’ . ,DlJT\/)T
=—-H®B) '(Crien)”, -, (Crniea )T, (6)

where C;i = Cit + N/4 + b?/4dg)BG = 1,--- , ) and
Cj1 is a diagonal matrix with positive diagonal elements to be
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FIGURE 2. Block diagram of cooperative adaptive tracking control based on quantized states.

designed later. (6) can further lead that

__(Cllell

ai(n1, -+ N o) = Zazkak) )

Substituting (7) into (5) yields that

Vi < —el(Ciy +

N
T
eh D aier:
k=1

N
113)61'1 + hiehen —

+ d[(Kz.
(3)
Step 2: Let Vip = Vj1 + eigeiz/z + 9?/2]/1', where éi =

0; — é,- is the estimation errorof §; and y; > 0 =1, --- , )
are gain constants. Then,

Viz < eiTz(Ji(—jin/i — Mi_léi\_/i — Mi_ll_)i\_’i + M,'_lul
) N
+ 7] &) — &) — ef, (Ciy + 113)61'1 + hiefiei
N
€ ZalkekZ + dKK - _9191
k=1
= L U(=d T = M7 Civy — M7 T 5+ M
) N
+JTE) — 64 + hiein) — el (Ciy + ZI3)ei1 + dgK?
C@ N
y'@@ —9( 9+Kl) ,-leaike‘kz, )]
1 —

where d, Zk 1 0i/dmkvk + dai/dpopo and k; =
M F J Vi+ce, 6 i/ vi with ¢y, > 0. By Young’s inequality,
We can get that

N
T
—ej Z ajgek2 =

1251

N
T E 2. T
Iellell + aikek26k25
k=1

= ,2€i2+d1K12,
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where d; > 0 is a designed constant. Then we can rewrite (9)
as

Vio < eb(i(—J] v — M Cvi — M T 9, + M

1
+H612) &; + hiej) — 11 Citeil _9(y9+Kl)
Co N
+ 7-19,‘9,‘ + Zaizkegzel(z + dKK2 + d1K12.
! k=1
(10
Let
_ 1
uj = —MiJ] Cpeiy — hiMiJ[ eiy — MMieiz
+ MiJl-le‘ + M,’jiTl_li + (_:i\_}i + éif‘iJl-T\_ﬁ
=0, +H+ 0TI, i=1,---, N, (11)
and
0= —yiki, i=1, N, (12)
where o; = —M;JT Cze,z WM ey —Miepn /4dy +MiJ T &;
and Cp = Cp + Zk | akll3(z =1,---,N)with C,z being a

dlagonal matrix to be determined later H; =M, J vi+Civ; =
wisM; ST Jl Wivi + C;v;. Then, (10) can be turned into

Viz < —65 Cieil — €iTQCi2€i2 + dKK2 + d1K12

N
Co; ~ ~
+ =200+ D agelren
Vi P
T T 7 Co zo0 €O 2
< —e;Cirej) —epCpep — 2—%@ + 2%9
N
+dkK* + diKT + D agelrern. (13)
k=1
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Let Lyapunov function

V= Zsz— Zele,H— ZezelerZ—@z

then,
N N N
el < L3 dhen + 13 e, S
T4 2 &= ax !
i=1 i=1 i=1
<V
1 - T 1 - T 2
_Ez€i1€i1+zzei2€i2+ ZG
i=1 i=1 Vmin 7
< nlel?, (14)

where r1 = min{1/2, 1/2ymax} with ymax = maX1<l<N{%}
ra = max{1/2,1/2ymin} with len = m1n1<1<N{Vl} e =
(el el , 6T withej = (e1 coeeen)T 6 =(, - eN)T
and j = 1, 2. On the other hand, it foflows from (13) that

N N
. - C@i ~
V- ze,-TlCneil - ZeiTzCizeiz — z —ﬂf
i=1 i=1 i=1
N N

+ Z Z a,'zkeZQekZ +d

i=1 k=1

N N ) N
= > el Cirein — D eh(C — D aien
i=1 i=1 k=1

=

N C
— D b+ d

i Vi
N N N o

=- ZeiTlCilen - Zegc,ze,-z - z 2_'9} +d
i=1 i=1 i <V

< —cV +d, (15)

where d = Z 109191 /2vi + Nd[(Kz + Ndle, =
min{2c1, 2¢2, minj ;<A {cg;}} and ¢; = m1n1<l<N’{c .} with
belng the minimum value of diagonal elements 1n Cij,
z =1, JNL,j=1,2.
From (14) and (15), we know that the i-th follower’s
closed-loop system (including (1), (2), (4), (6), (11) and (12))
is practically stable. Further, it follows from (15) that

eIV +¢V) < ed,

which can further lead that
t

V() — eV (1) < / e“*d ds,

Iy

1.e.,
—c(t—1tg) d
V<e YV(ty) + —. (16)
c
Combining with (14) and (16), we have
rile()?
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< ey ) + 4
C
- 2 —c(t—tg) d
< nale(to)|e +7 A7)

which yields that lim sup,_, o, |e(?)| < (d/cr1)Y/?. This shows
that all signals in every follower’s closed-loop system are
ultimately bounded.

In addition, let e; T then we have

_ (T T T
_(61178217"' 76./\/1)
N
er = (b1(nf —P5)+Za1k(nf — 00
k=1
N

T
bty — o)+ D an(ny — i)
k=1

N N
= (b1 + D a)] —py) — D_awi —pg). -+,
k=1 k=1
N N

(bar+ D anh —pd) = D anel —ph)"
P P

=H®B)n—po® 1n), (18)

wheren—(n1,~-~,n )TGR3N I =(,- , DT €
RN and H = B+ D — A. From

+le | <2V,
together with (17) and (18), we can obtain that

le1)? = len|* + -

In—po @ In1* < I1H ' ® I17|er|?
<2H' @BV
<2H ® B (eI + D),
which means that
lim sup |pi(¢) = po(1)| = limsup |;() = po(©)

—>0o0

< hmsup n —po® Lyl

—>00

[2/H-!' @ I3|%d
< |H ® 3|F ) (19)
C

Accroding to the definitions of ¢ and d, if we make the
design constants dg and d; as small as possible and the
design parameters y;(i = 1, --- , ) large enough, the right
hand of (19) can be adjusted arbitrarily small, where these
parameters are independent of each other.

Based on the above analysis, we know that we can
design the cooperative tracking controller (11) and adaptive
law (12) for the i-th follower (i = 1,---,A) such that
every follower’s closed-loop system is practically stable, all
signals of every follower’s closed-loop system are ultimately
bounded and the tracking error of every follower can be
regulated arbitrarily small by parameter adjustment scheme.

Next, we consider to construct the cooperative adaptive
tracking controller based on quantized system states g(1;())
and g(v;(t)). Choose

ui(t) = &; + H; + 6,0 (g q()
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= —MJ! (q)Chéin — M (q(y))en
1 - . -
= 71M,~a~z + MIT (q(i)a + Cilq(:))q(i)

+ g(wi)M;ST T (q(i)q()

+ éf-(q@,»))if(q(wo)q@-), (20)

J— 21)
N

& = bilg(ni) — po) + D _ ai(q(ni) — q(np)). (22)
k=1

en = q(v;) — i, (23)

al == __(Cllell Zatkak) (24)

R =ehM Fi<q(v,->)J,-T(q(w,-)>q<vi> +cobi/vi, (25

oS 4 D 6)

i = P ankq k apopo,
where &l = _MJ (Q(%))szezz - hMJ (Q(l/fz))ezl -

Mizi/4dy + MJT (61(1//:))04[, i =T (Q(vz)) and H; =
q(w3)M;S TJ,T(q(%))q(v ) + Cilg(7i)g().

Note that we only use quantized syatem states g(n;) and
q(v;) to replace states n; and v;, respectively, in (4), (6), (11)
and (12), then (20)-(26) can be obviously obtained. In fact,
by the cooperative tracking controller (20) and adaptive
law (21), which are made up of quantized system states g(n;)
and q(v;), we can still guarantee the performance of evey
follower.

IV. STABILITY ANALYSIS

To analyze the stability of every follower’s closed-loop
system and tracking performance of every follower, the
following Lemma 1 is proposed as a preparation and the proof
of Lemma 1 can be found in Appendix.

Lemma I: Fori=1,---, N, we have
lei1(g(n) — eit(ni)] < €y, 27
leei(g(n:)) — ai(n)] < €q, (28)
lei(g(mi), q(vi)) — en(ni, Vi) < €eys (29)
16:(q(ni), q(vi)) — oi(ni, Vi)l < €5, (30)
\Hi(q(@)) — Hi(7)| < en, 31)
ITigGNI] (q(riNg(i) — TiI] (bvil < ep, (32)
[ki(q(n:), q(vi) — Ki(ni, Vi)l < €, (33)

where €., €4, €,, €5, €f, €1 and €, are known constants and
depend on ¢, quantization bound § and designed parameters.

Theorem 1: For multiple surface vessel systems with A/
followers and one leader, and the dynamical equation of every
follower is described by (1), the cooperative adaptive tracking
controller (20) and (21) based on quantized system states
can be constructed and can guarantee that the closed-loop
system ((1), (2) and (20)-(26)) of i-th follower is practically
stable, all the signals in every follower’s closed-loop system
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are ultimately bounded, and the tracking error of i-th follower
satisfies

. [2do|H~! & I3
lim sup [p;(t) — po(t)| < % (34)
11— o0

where H = B+ D — A. By parameter adjustment technique,
the right side of (34) can be made arbitrarily small.
Proof: Let Lyapunov function

1 Y 1 Y A
V= EZeﬁeil + 3 Zegeiz + ZZ_
i=1 i=1 i=1
together with (13), we have
N

V <> ehUi—J] v — M7 Civi + M i + E
i=1

N

- Zeﬁ Cirein
i=1
N NG N

2 hichen = 2 0C F )+ > b
i=1 i=1 ! i=1 7!

N N
+ NdiK} + NdgK* + D ageren.  (39)

i=1 k=1

M6 T () — @)

Substituting (20) and (21) into (35) yields that

N
V<D ehUi(=I] v — M Civi = M T (i
i=1
+ M7 G+ B+ T (qig (i) — i o)
N

epn . 01
+ﬁ> &; + hien) — ,lc,le,1+z —6,6;
i=1 i-1 Vi
N A

~ 0
~ 76— + k) + NdgK? + NdiK?

. l
i=1
N N
2 T
+D D dieire
i=1 k=1

eh UM OTT] ()i — 6T (wivi)

HMZ

+ Z eh (i,

0i — 0j )+Z@(K, )
i=1
N I N Co; ~ ~
+ 2 eh UM = Hy) + 3 LA+ N K?
i=1 i=1 "
N N
- ZeiTlCiléil - Ze,’Tzcﬂeiz + NdiK?.
i=1 i=1
(36)
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By (30)-(33) and Young’s inequality, we can obtain that
1~ 1 ~

epUiM; (G = o) < L Amax(Miepen + €5,
1.7 1 ~

epWiM; (H; = Hp) < PAma(Mideppein + €y,

. 1.
Oi(k; — ki) < 19,-2 + ef,

@éiéi = —@éiz + %éﬁi < _ﬁgiz + &6?[2
Vi Vi Vi 2y, 2y;
37)
and
eh M O] (g — BT T (Yi)vi)
1 s .
< Z/\max(Mi)e,geiz + €267
1 s 3
= JPmaMepen + €0 — 0
1
Z)\max(M Depen + €207 + 67 — 206;)
_1 3
)\max(M Jepen + 262607 +2€267, (38)

where M; = Mf M DT Let co, = yicii = 1,---,N)
with ¢; > 0 being a designed constant, substituting (37)
and (38) into (36) yields that

N
o,
V<Z 924—261,2024-6 + NdgK* + €y
i=1

C@l
+ NdiK}? - Ze,lcﬂel] —~ Z 92 + - 292
N 3 ) N
- Z eh(Co = L Amax(Ml3)en + 265 > 07 + €
i i=1
N
< Z 2067 + N K} + NdxK? + 262> 67
i=1
3 N
—c Zegen — (2 — ZA*max)Zl‘,eZeiz
1=

- Z(S't

= —pV + dp, 39)

— 4es )y,—92+e +eH +e

where ﬁ;lax = max| <A Dmax (M)}, do = SN, 6i62/2 +
223755, 07 + NdkK* + NdiK} + €5 + e + €. p =
m1n{2c1, 2(c2 3Nhax/4), ¥} with ¢; = minls,-f/\/{c;;-} and
c;; being the minimum value of diagonal elements in Cj;, j =
1,2, and ¢* = min<;<n{(s; — 1/2 — 4€2)yi).

This means that the closed-loop system of every follower,
including (1), (2), (20)-(26), is practically stable by (16)
and (39).

Furthermore, we can also obtain the following inequality

d d
rifel? < e POV (i) + 2 < myfe(r)e 0 + 2
0
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FIGURE 3. The communication topology graph <.
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FIGURE 4. The hysteresis quantizer.

[a
lim sup |2(t)] < . [~ (40)
t—00 ryp

which implies that all the signals in every follower’s closed-
loop system are ultimately bounded.

that is to say,

Note that
le1]? = lent|* + - - + lenrt |2
<2V
2d
< 2metg)e P 4 22, (41)
P

combining with e
that

= ((H® I3)(n — po ® 1)), we can obtain

In —po® Ly
—1 2 2
<IH™ " @ BLlzlell
<2AH ' @ LIV

d
< 2rle(ty)le P + ;(’)m—l ®L2, (42

which means that

limsup [p;(t) — po()| = hm nsup 1ni(t) — po(®)]

—>00

= hrnsup [n—po® Lyl

[—>00

[2do|H~! ® I3)2
< ol ® 3|F. (43)
yol
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FIGURE 6. The control input of every follower.

From (43), we know that the tracking error of i-th follower can
be regulated by selecting the appropriate parameters. In other
words, for the definitions of p and d, if we make the diagonal
elements cfi(1 < i < N;1l<j<2andg(l <i < N)
as large as possible, the right side of (43) can be adjusted
small enough. This means that the output of i-th follower can
practically track the leader’output by parameter adjustment
technique.
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Time(Sec)

The above analysis shows that the cooperative track-
ing controller (20) and adaptive law (21) can make
every follower’s closed-loop system achieve the desired
performance. ]

V. SIMULATION RESULT

Consider the multiple surface vessel systems with 3
followers and one leader, and the dynamic behavior of
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FIGURE 7. The system state 5; and quantized state g(3;) of the first follower.
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FIGURE 8. The system state 5, and quantized state q(1,) of the second follower.

every follower is described by (1). The communication
topology graph ¢ of multiple surface vessel systems is
shown in Figure 3. The elements of every follower’s
Coriolis-centripetal force matrix are given as ci1(vi(t) =
14.95v12(t) + 1.49w13(t), cra(vi(1)) = 14.97v11(2),
c21(n2(1)) = 9.98v22()+3.95w23(1), c22(va(1)) = 9.99v21 (1),

VOLUME 12, 2024

c31(v3(1)) = 15.05va(t) + 2.97wy3(t) and c3(13(1)) =
14.99v31(¢), and inertia matrix M; and matrix I';(v;(z)) are
given by Table 1 and Table 2, respectively.

We use a hysteresis quantizer to verify the performance
of proposed controller. For the i-th follower, the function
relationship between the output of quantizer g(x;) and the
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FIGURE 10. The system state v; and quantized state g(v,) of the firrst follower.

TABLE 1. The nonzero elements of every follower’s inertia matrix.

TABLE 2. The nonzero elements of every follower's damping matrix.

mi11 Mi22 mi23 miz2 miz3 dir1 (vi) diz2 (vi) = diz3(vi) = diz2(vi) = diz3(vi)
=1 [ 1497 14.95 149 149 i3 =12 050 |2 = 0.5ia(t)] — [wis(1)]
i=2 9.99 9.98 3.95 3.95 4.8 i=2 70.572|V21(t) 0.5 — 2|vg2(t)‘ + ‘w23(t)|
i=3 | 14.99 15.05 297 2.97 5.94 i=3 [1-5Psi(t) | 1—5/vaz(t)] — 1.5lwss()]
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FIGURE 11. The system state v, and quantized state g(v,) of the second follower.

input y; is given by (44) and the mapping curve between
q(xi) and yx; is drawn in Figure 4 with x; > 0, where

xi =@l vDT.
q(x:)
Xiisgn(x). M il < s i < 0,
146 - i
or xij < |xil < =,
L
Xxi >0,
Xij .
Xi(L+8)sgn(x, 1 < 1l = 5 U&’ Xi <0,
— U
- or 2 <|Xi|§—XU( * l),
- 1-— Si 1-— 81‘
Xxi >0,
Xi0 .
0, 0<|xl < ,xi <0,
= |))((1| 1+ Xi <
i0
< |yl < y;
or T+s = [xil < xio,
Xxi >0,
q(xi(t7)), Xxi =0,
(44)
where y; = Qil E xio with xj0 > O being the size

of dead-zone in hysteresis quantizer (44), o; = (1 —
8;)/(1 + &;) > O being the quantization density and j =
1,2,---. §; is a quantization parameter and belongs to
(0, 1), and the output of quantizer g(x;) takes the value in
Qi = {0, £xi1, £xa(1 + ), £xi2, £xi2(1 + &), - - - } with
i=1,2,3.

In simulation, we choose quantization parameters xjo =
x20 = 30 = 0.02,8; = 6 = § = 0.05. Further,
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it follows from Figure 3 that the leader-weighted matrix
Bi = diag(1,0, 1) and the adjacency matrix A; = (a;)3x3
with a1 = 1 and other matrix elements being zero. The
unknown disturbances are defined by &;(#) = (0.2 sin(0.05¢ +
0.1257), 0.1 cos(0.01¢), 0.01 sin(0.02¢) + 0.01 cos(0.011))7,
where i = 1, 2, 3. The leader’s output po(¢) = (sin(0.02¢ +
0.251), cos(0.02t + 1/6),0.5sin(0.02t + 0.1257))7 and
three followers’ system initial values 71(0) = (0.8, 1, 0.4)T,
v1(0) = (0.5, 1.8, —0.1)T, n2(0) = (0.8, 1.5,0)7, v»(0) =
(=1,02,—-0.H7, n300) = (09,1.3,0.D7, v3(0) =
(0.2, —0.1,0.7)T. The design diagonal matrices Cj; =
diag(10, 8,9), C21 = diag(7,7,6), C31 = diag(7,9, 11),
Ci2 =diag(3,1,7), Cxp = diag(3,2,7), C3n = diag(5, 6, 6)
and the design parameters dx = d; = 0.05, g1 = 1.5,
s =0.8,¢63 =0.6,y; =0.3, y» =04, y3 = 0.5. The truth
value of & = (61, 62,03)" = (=2,0.5, —1)T and the initial
value of adaptive update law é(O) = (é] (0, 92(0), é3(0))T =
(=1.9,0.6, —0.8)". Let &}, = p; — po = (&}, e}p. €53)"
represents the tracking error of i-th follower, where
i=1,2,3.

For the tracking control of multiple surface vessel, the
performances of every follower’s closed-loop system are
given by Figures 5-13. Figure 5 reflects the component of
every follower’s tracking error and estimation error of 6;(i =
1,2,3). It also follows from Figure 5 that the component
in tracking error and the estimation error of every follower
can be made very small. Figure 6 gives the fluctuations of
quantization control signals. Figures 7-12 show the system
state and quantized state curve of every follower in turn.
Moreover, the tracking trajectory (in X-Y) of every follower
is given in Figure 13. These Figures show that the cooperative
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FIGURE 12. The system state v5 and quantized state g(v5) of the third follower.

Follower 2 — Follower 3

2 ‘ ;
- - Leader — Follower 1
1t
> 0f
-1+
_2 I I I
-2 -1.5 -1 -0.5

FIGURE 13. The tracking trajectories (in X-Y plane) of three followers.

adaptive control strategy based on quantized states proposed
in this paper is feasible.

VI. CONCLUSION

In this paper, the cooperative adaptive tracking control
based on quantized system states is studied for multiple
surface vessel systems. Firstly, different from the existing
results, the environmental disturbance is introduced into
the dynamic equations of surface vessel in the form of
disturbance accelerations. Further, quantized system sates
and vector backstepping method are used to structure a
series of cooperative tracking controllers and adaptive laws,
which guarantee that the tracking error between the leader
and every follower can be adjusted to be as small as
possible.
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We only discuss the tracking control of multiple surface
vessels systems, and collision avoidance and obstacle avoid-
ance are not considered in this paper. The collision avoidance
control and obstacle avoidance control are very practical
problems for multiple surface vessel systems, we will try to
solve this problem in the future.

APPENDIX

PROOF OF LEMMA 1

Proof: According to the sector boundedness of quantizer
(including uniform quantizer and the logarithmic quantizer,
hysteresis quantizer) in [26], we have

lg(n) —nil <8, g —¥il <8, i=1,---, N,
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where § > 0 is a quantization bound. Then, for (27), we have

N
i — el < hilni — gl + D aix|nx — qOne)|
k=1
N
< 8hi+ > an)
i=1
<€ (45)

where €,, = max;<;<an/{8(h; + Zivl aix)} with h; = b; +
> i aik being positive constants.
Let H~! = (htk)NxNa we can rewrite (7) as a; =

—ZQ/I hixCriex1 and (24) as @ = —Zi\il hix Crréxi .
For (28), we have

N
& — il = | D hiCriexs — D hixCriép|
k=1

N o N
=1 ) hixCrulr Z lex1 — ekl
k=1 k=1
< €q, (46)

where €, = maxj<i<n{Ne,, Z’,/{\Ll hit|Cr1|r). Further,
for (29), we also have

—q(vi) + a;l
< |vi = q()| + & — o]
< €, 47)

lein —en| = vi —a;

where €,, =6 + €.
For (30), we can get that
16; — il
= M (qi)a: — M (q(i))Cén
~ 5 1
— M (qi)en — yon

~ T .
Miepn — MJ; a;

1
EMi@iﬂ
< |CoMi|plI] en — TT (q(¥i)en]

+ hilMi|p 1T e — TT (qi))en|

+ MiJiTéiQEiz + hiMiJiTeil +

an y . . _
+ :zl lein — &nl + IMilpIT] (q(ni)a; — I éul.
(48)
Note that
1 d
lej|? < —e UV (15) 4 —
ry Ccrp
1 d
< V(o) + —
ri Ccri
2m2, (49)

with Mo = (V(t9)/r1 +d/cr)'/? and j = 1, 2, then we have
|CoMi|p I ern — T (q(yri))en|
< [CoMilplJ] =TT (q)|Flen]
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+ |CaMilFlei — enllT] (gl
< 2|CipM;i|pMo + |CoM;|Fée,
< o1, (50)
where €51 = max|<i<n{2|CoM;|FMo + |CoM|Fée,}.
In similar way, we have
hilMi|p1I ] en — TF (q(wi)én |
= hlMil ] ein — T (q(r)en
—IFq@)en + I @Wen|
< hilMilplJ] = T] (q(i))|Flein
+ hilMi|pleir — eallT] (@i)lr
< 2hi|M;|F My + hi|M;|Fe,,
< €02, (51)
where €52 = max<j<n/{2h;i|M;|FMo + hilM;|Fé€,, }, and
\MilF 1T (qni)a — T 6l
= IMilp 1] & — T (qiéi + TT (qies — TT (q(wi)ail
< |M~|F|JT — I @W)lFlail + |M-|F|o'z,~ — &7 (q)lF

oo .
2|M|F|Z—Vk+ P0|+|Z—Vk —’po

do;
- Z 3 100 = —poIIM I
+N8|M|F|Z—|F

o oa;
< 2|Mj|r | Z @wem +laxl) + 2K Mile |l

o
+N6|M|F|Z—’|F
N

< 2|MilF| Z —|F<NM0 + N Mol D hixCrilr)
k 1

+ 2K |M; |F|—|F +N§|M; |F|ZW|F

< €3, (52)

where |da;/dni|r and [dei/dpolr are known constans
from (7), Co = maxj<<ar{(l + 1>V higCra|F)}, and
€3 = maX1<,<N{|M [ (2] Zk 1 00/ 0m|[FNMoCo +
2K |0a;/dpolF +/\/8|Zk 1 90t;/dnk|F)}. Further, we also
have

1 1
ZgllMilFleiz epn| < nlMiIFéez < é€x4, (53)
where €,4 = maxj<;<prle., |M;|F/4d1}. Substituting
(50)-(53) into (48) yields that
16; — 0il €01+ €2+ €3+ €sSer, (54
where €5 = €51 + €52 + €53 + €54.
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For (31), we have

\H; — Hj|

= lwM;iSTJ] ()i + Cvi — q(wi)MiST T (q(yi))q(i)
— Ci(q()q ()|

< lwiaMS" I (Wi)vi — q(wi)MiST T] (q(i))a@)
+|Civi — Cilg(@))g@), (55)

which leads to
|lwisM;ST I} ()i — q(wi)MST T (g
= |Mi|rloiSTIF (ivi — wi3ST I ((¥i)v;
— q(w3)ST T (qWi)a@) + wizST I (g(¥i))vil
< IMilFllwivillSTIT (i) — STI] (q(i)lr
+ IMilFlwivi — g(@i3)g@)IISTI] (q(yi)lr
< 2IM;i|FIMGCG + IMi|p Wil Iwiz — g(wi)]
+ [Mi|F18 + willvi — g(v))
< 2IMi|F MG C§ + 81Mil pMoCo + 8I1M;|p (8 + Mo Co)
< €H1, (56)
with €1 = max, ;<A {IMilr (2M5C§ + 8MoCo + 8(5 +
MOCO))}, and
|Ci¥i — Cilq())g()]
= |Ci¥i — Ciqe)¥i + Cilq(m))¥i — Cilq(Fi)g()]
< |Ci = Cilqe)|F |71l + |9 — g(0)l1813 + Cil
< |Ci — Cilg@)lrMoCo + 8(8 + |Cil ). 7
For |C’,- — C‘i(q(\"z,-))|p, we also have
ICi = Ciq()|F
< 1G] i) — Cilq)T] (g F
< |77 i) = I (@) F I Civi)F
+1Ci(vi) = CilqI T (q(ilr
< 2|Civ)F + |Ci(vi) — Cilqvi)|F- (58)
From the definition of C;(v;) in [28], we know that ¢;;(v;) =
Liyvia + Lipwiz and cpp(v;) = £i3v; with £;1, ;2 and £;3 being
known positive constants, then we can get that
lg(cii(vi)) — cin(vi)l
< Kig(vi) + Ling(wiz) — Litvio — Lpw;s|
< 4itlqvi2) — va| + Li2lq(wiz) — wi3]
< 8(i + Lp), (59)

and in similar way, we can easly obtain that other elements
are also bounded in Ci(v;) — Ci(g(v;)), which means that
|C,'(v£-)—C,'(q(vl-))| r is bounded. From the definitions of C;(v;)
and C; = C;(v;)J!, combining with

lvil < iylelvil < len + ail < MoCo, (60)
the boundedness of |C;(v;)|r and |C;|F can be obtained in (57)
and (58), respectively. Then, we have

|Civi — Ci(q(v:))q(m)| < €aMoCo + 8(8 + €in)
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< €n, (61)

where ey = max| <j<n-{€i1MoCo+8%+38€i2)} with €1 being
the boundary of |C; — Ci(q(vi))|F and €;; being the boundary
of |Ci|F. Substituting (56) and (61) into (55) yields that

\H; — H| < eyt +ena = en, (62)

where €y = €y + €xa.
For (32), we have

T T (i)vi — DIl (q(i))g@)
< ITT (Wi)vi — Tl (q(i))g(@)
+ 1T (q(i)a(i) — T T (q(i)g()
< Tl I iyvi — I ()i + T (q(ri))vi
— I @q))q@d| + 1T = il plI ] (i)l Fla()
< |Tile ] (i) — T (qi)F 19l + T — Tl p 1815 + ¥l
+ ITil e 19 — qODIITT (i)l F
< 2|Ti[rMoCo + 8|Ty|F + 8|T; — Tilr + [T — Ti|r Mo Co
<€, (63)
where €5 = max]SiSN{ZeBM()Co +_8€,-3 + S€iq + ei4MOC‘()}
with ¢;3 being_ the lzoundary of |I';|r and €; being the
boundary of |I'; — I'j|r. According to the definition for
dgmping m_atrix ~in [28], the proof for the boundedness of
ITi|F and |T'; — ;| are similar to (59), then the calculation

process is omitted.
For (33), from (63), we can get that

ki — kil
< [eEM T TigGIT (g — ebM  TimI ] (il
+ 1 LM TGS T (i — e M T @I T (il
N
(T A -1 T SO
< eplg@) + D haCradni| + €e, IM; £ 1T () e ITi() i
k=1
N - -
< 6|88 + il + €51 D hiCra (813 + ex))|
k=1
+ €0, M P ITi(1)W4]
- N - -
< bep + 6epMoCo + def | Zhikal |F
k=1

N
+ N Moer| Z hixCri|F + €cyeis M |
k=1

where €, = maxlgig/\/{éfl_z:ﬁl hiCrilr(8 + NMy) +
€eréisIM; ' |F + Se(1 + MoCo)} with the boundary €5 of
ITi(vi)vil.

So far, we have completed the proof of Lemma 1. ]
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